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Department of Chemical and Biological Engineering, University of Wisconsin-Madison, Madison, WisconsinABSTRACT Protein aggregation has been implicated in the pathology of several neurodegenerative diseases, and a better
understanding of how it proceeds is essential for the development of therapeutic strategies. Recently, the amyloidogenic hepta-
peptide GNNQQNY has emerged as a molecule of choice for fundamental studies of protein aggregation. A number of exper-
imental and computational studies have examined the structure of the GNNQQNY aggregate. Less work, however, has been
aimed at understanding its aggregation pathway. In this study, we present a detailed computational analysis of such a pathway.
To that end, transition path sampling Monte Carlo simulations are used to examine the dimerization process. A statistical analysis
of the reaction pathways shows that the dimerization reaction proceeds via a zipping mechanism, initiated with the formation
of distinct contacts at the third residue (N). Asparagine residues are found to play a key role in the early stages of aggregation.
And, contrary to previous belief, it is also shown that the tyrosine terminal group is not required to stabilize the dimer. In fact, an
asparagine residue leads to faster aggregation of the peptide.INTRODUCTIONMultiple human diseases including Alzheimer’s, Parkin-
son’s, Creutzfeldt-Jacob’s, and Huntington’s are associated
with the aggregation of proteins (1,2). The postmortem brain
cells of patients afflicted with such diseases exhibit insoluble
amyloid plaques deposited within the neuronal cells. There is
mounting evidence from recent investigations that the main
toxic species in these diseases are the prefibrillar oligomers
of the proteins that are specific to each disease (3–7). It is
also believed that a deeper understanding of the structure
and formation process of the oligomeric intermediates would
provide useful insights for the development of potentially
useful therapeutic strategies.
In this work, we study the dimerization of the fiber-form-
ing peptide GNNQQNY. This seven-residue peptide belongs
to the N-terminal domain of the amyloid-forming peptide
Sup35. Sup35 is a prion-like protein from yeast that exhibits
an ability to form amyloid b-fibrils (8,9). Our choice of this
particular peptide is partly motivated by the fact that Nelson
et al. (10) have successfully determined the crystal structure
of the protein aggregate using x-ray microcrystallography.
The protein aggregate exhibits a structure in which indi-
vidual peptides are arranged to form parallel b-sheets, and
then pairs of b-sheets come together to form an amyloid
fibril. Despite its reduced length, this seven-residue peptide
displays all the amyloid formation characteristics of full-
length Sup35 protein, including cooperative aggregation
kinetics, binding of the dye Congo red, and a cross x-ray
diffraction (11).
Largely as a result of its small length, GNNQQNY has
been studied extensively using molecular simulations.
Molecular dynamics simulations in an implicit solvent do
suggest that the parallel b-sheet arrangement is the mostSubmitted June 25, 2009, and accepted for publication October 23, 2009.
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0006-3495/10/03/1038/8 $2.00stable structure for the dimer of the peptide (12,13). Such
simulations have shown that side-chain contacts play an
important role in the stability of the dimer. Other literature
studies (14–18) have also considered whether the parallel
b-sheet structure of the peptide disintegrates over the course
of long molecular-dynamics runs in explicit water.
Our study presents a departure from previous work in two
important respects. First, we use a novel Monte Carlo
method to determine the actual free energy change associated
with the dimerization process in an explicit solvent and,
second, we present a rigorous study of the actual dynamics
of the dimerization process, which might ultimately dictate
what kind of aggregate structures arise and why. It is impor-
tant to note that the self-association of the peptide into
a dimer is an inherently slow process. Several days of
computational time are necessary to generate a single aggre-
gation trajectory, and hundreds of trajectories are required to
extract a statistically meaningful pathway. To overcome this
difficulty, we resort to transition path sampling (TPS) tech-
niques that have been specially conceived for studies of
infrequent events (19,20). In the particular case of
GNNQQNY dimerization, our TPS simulations reveal that
two distinct intramolecular contacts are sufficient to describe
the transition state during the dimerization event. After the
formation of these contacts, the fate of the peptides is sealed
and the dimerization can come to fruition. By analyzing
hundreds of TPS-generated trajectories, we are able to
analyze the role of water and that of side-chain interactions,
as well as the secondary structure of the individual peptide
molecules throughout the dimerization reaction.METHODS
The protein was modeled using the GROMACS53a6 force field. The aggre-
gated dimer system was prepared from the x-ray crystal structure of the
peptide aggregate (Protein Data Bank code 1YJP) (10). Fig. 1 shows thedoi: 10.1016/j.bpj.2009.10.057
FIGURE 1 Snapshots of the disaggregated state (a) and the aggregated
state (b) of the GNNQQNY peptide.
Dimerization of GNNQQNY Peptide 1039aggregated dimer structure of the peptide. The 312-atom peptide system was
solvated with ~10,000 simple-point charge water molecules in a periodic
cubic box having a 3.6-nm side.
Molecular dynamics simulations in this work were performed using the
GROMACS molecular simulation package (21,22). The software was modi-
fied as needed to implement the new free energy simulation techniques
described below. Long-range electrostatic interactions were treated with
a particle-mesh Ewald sum (23,24). The energy of the aggregated dimer,
as constructed from the PDB file 1YJP, was first minimized in a short posi-
tion-restrained run. Additional water was then added, after which the system
was equilibrated for 10 ns at a temperature of 310 K and a pressure of 1 bar
using Berendsen coupling (25). The resulting configuration was used as
a starting point for subsequent simulations. The disaggregated state of thepeptide was generated by raising the temperature of the aggregated state
and annealing it back to room temperature.
The relative thermodynamic stability of the aggregated and the disaggre-
gated states of the GNNQQNY peptide was determined from replica
exchange umbrella sampling (REUS) simulations (26–28) using a new
variant that resorts to a modified interaction potential (29). Briefly, the
method involves adding a weak umbrella potential to each of the replicas
in a traditional replica exchange molecular dynamics simulation. This
umbrella potential is represented as a set of harmonic springs between the
native contacts of the two peptides. For our problem, we used 38 replicas
between 273 K and 600 K. The additional umbrella potential imposed on
the replicas enables better sampling of the aggregated state, whereas the
replicas at the higher temperatures efficiently sample the disaggregated state.
Labeling the in-register contacts with an index j, the distance between the Ca
atoms of the in-register contacts is represented by rj. The corresponding
equilibrium distance, r0 was taken to be 0.55 nm. For the seven-residue
peptide GNNQQNY, a total of Nc ¼ 7 umbrellas were necessary. Thus,
the Hamiltonian for the ith replica is given by
Hi ¼ Ki þ Ei þ
XNc ¼ 7
j¼ 1
kj

rj  r0
2
: (1)
In the above expression, Ki and Ei denote the kinetic and potential energies of
replica i, and the sum term represents the umbrella potential, consisting of
harmonic springs applied between all the backbone Ca atoms which are in
contact. For simplicity, the spring constants kj were all chosen to be equal
to k ¼ 100 J/mol/nm2. The transitions between the aggregated state and dis-
aggregated state were monitored using an order parameter x defined as
x2 ¼ 1
Nc
XNc
j¼ 1

rj  r0
2
: (2)
Note that for a given replica, the total umbrella potential is given by
j ¼ Nckx2: (3)
The acceptance criteria for the exchange of configurations between two
replicas must be modified from that used in a traditional replica exchange
molecular dynamics simulation to account for the additional umbrella poten-
tial, and is given by
Pacc ¼ min½1; expð  DbDEÞexpð  DbDjÞ; (4)
where Db, DE, and Dj represent the difference in the inverse temperature,
the difference in total internal energy, and the difference in total umbrella
potential of the replicas being considered for an exchange of configurations,
respectively. The resulting configurations from the simulation were saved
every 4 ps for a total of 10 ns for each window. The potential of mean force
or free energy for folding the peptide from a disaggregated state to a parallel
b-sheet state was calculated as a function of the order parameter x using the
weighted histogram analysis method (30). Briefly, we started by calculating
the probability histogram Pj, b(E, x) as a function of internal energy E and
order parameter x using the following equations:
Pj;bðxÞ ¼
XM
m¼ 1
XK
k¼ 1
dðr  xÞexpð  bE bjÞ
PM
m¼ 1
expðfm  bmE bmjÞ
; (5)
and
expð  fmÞ ¼
X
x
Pj;bðE; xÞ: (6)
In the above equations, M is used to denote the total number of replicas, m is
used as an index to denote a particular replica, and K is used to denote theBiophysical Journal 98(6) 1038–1045
1040 Reddy et al.total number of data points (snapshots) in the mth replica. From the proba-
bility distribution Pj, b(x) we calculated the potential of mean force
(PMF) according to
fðxÞ ¼ RTInPj¼ 0;bðxÞ: (7)
TPS simulations require that the stable states between which the reaction of
interest occurs be identified in terms of one or more non-overlapping order
parameters. For GNNQQNY dimerization, we used the number of in-
register contacts (Nc) and the average interstrand distance (dis) as order
parameters with which to monitor the extent of the reaction. We performed
10-ns molecular dynamics simulations of the aggregated and disaggregated
states of the peptide to determine the boundary conditions for the two states
(Fig. 2). Based on those results, the boundary for the aggregated state was set
at Nc > 0.7 and dis < 0.65 nm; for the disaggregated state, it was set at
Nc < 0.2 and dis > 0.9 nm. For our TPS simulations, we used the
constant-path length formulation (31). To find an appropriate length for
the reaction path we disaggregated the peptide dimer by performing high
temperature simulations at 400 K. It was observed that at 400 K the peptide
molecules lose their aggregate structure completely in ~800 ps. Motivated
by the reaction time observed in high temperature simulations, we adopted
a somewhat conservative constant path length of 2.5 ns for our TPS simula-
tions at 310 K. Having identified a suitable order-parameter and the length ofa
b
FIGURE 2 Fraction in-register contacts (a) and average interstrand
distance (b) as a function of time for aggregated state (red) and disaggre-
gated state (black).
Biophysical Journal 98(6) 1038–1045the trajectories for TPS simulations, we proceeded to generate initial trajecto-
ries for subsequent calculations. A starting trajectory was generated by
running unfolding NVT simulations at 400 K; subsequent annealing to
310 K was implemented by performing sequential shooting moves in the
NVT ensemble and decreasing the shooting temperature by 5 K in every
step. Finally, NVE trajectories were shot from the NVT reactive trajectories
at 310 K. Ten independent initial trajectories were generated through the
procedure just outlined to investigate transitions between aggregated states
and disaggregated states. To generate the transition state ensemble (TSE),
production TPS runs were performed on each of the trajectories using
shooting moves in the NVE ensemble as outlined in Chopra et al. (32). The
random momentum perturbations were tuned so as to approach a 30% accep-
tance rate. A total of 1000 reactive trajectories were generated using 10 inde-
pendent TPS runs. These 1000 trajectories constitute the transition path
ensemble (TPE). Out of a total of 1000 reactive trajectories in the TPE, 100
independent trajectories were selected to construct the TSE. The statistical
independence of trajectories was measured using the correlation between
the order-parameter time series of any two trajectories; when this correlation
decayed below 0.5, two trajectories were deemed to be independent.
Frames were saved at intervals of 5 ps for each of the 100 independent
reactive trajectories in the TPE. Ten random trajectories of length 1 ns
were subsequently shot from each frame of every saved trajectory. The
TSE was determined by identifying the frames from which the probability
that a random trajectory would end in the aggregated (or disaggregated)
state is between 0.35 and 0.65. The TSE determined in this manner was
analyzed in terms of a variety of order parameters to identify possible reac-
tion coordinates.RESULTS AND DISCUSSION
The stability of the aggregate (dimer) structure obtained
from x-ray crystallography was first examined for the
GROMACS53a6 force field using conventional molecular
dynamics simulations. Fig. 3 shows the root mean-square
deviation of the peptide aggregate (from the x-ray structure)
as a function of time. The low root mean-square deviation
value indicates that the parallel b-sheet structure represents
a relatively stable state for the two-peptide system. The struc-
tural stability of the dimer was also assessed by calculating
the root mean-square fluctuations of the backbone Ca atoms
(Fig. 4). The terminal residues Glycine-1 and Tyrosine-7
exhibit more prominent fluctuations than the residues in
the middle. The larger fluctuations at the ends can be attrib-
uted to the þ1 and 1 charges associated with them. The
low fluctuations in the middle indicate that much of the0 5000 10000 15000 20000
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FIGURE 3 Root mean-square deviation of the parallel b-sheet structure of
the peptide as a function of time.
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FIGURE 4 Root mean-square fluctuations of the backbone Ca atoms of
GNNQQNY peptide.
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FIGURE 5 Free energy changes during dimerization of GNNQQNY
peptide at 310 K. The order parameter represents deviation of distance
between Ca contacts from an ideal value of 0.55 nm.
Dimerization of GNNQQNY Peptide 1041stability of the dimer is provided when the hydrogen bonds
formed between the two strands at the central residues.
This result is consistent with the simulations of Gsponer
et al. (12), Strodel et al. (33), and Vitigliano et al. (34), which
showed that the parallel b-sheet structure is a stable confor-
mation for the dimer. It was also observed that the peptide
system retains its b-sheet structure throughout the length of
the simulations. For this state, the fraction of in-register
contacts was found to be always >0.7; the average inter-
strand distance was found to be <0.65 nm (see Fig. 2). Simi-
larly, we performed molecular dynamics simulation of
the disaggregated state, obtained by heating the dimer to
600 K and annealing back to 310 K. The disaggregated state
did not return spontaneously into a b-sheet dimer in the
50-ns time range considered in our simulations. This obser-
vation serves to emphasize the need for a more elaborate
approach such as TPS. The fraction of in-register contacts
for the disaggregated state is <0.2, and the average inter-
strand distance is >0.9 nm throughout the entire duration
of the simulation.
The relative stability of the aggregated and disaggregated
states of the peptide was determined using REUS simulations.
During the course of the simulation, replicas at different
temperature were swapped repeatedly. As the system traveled
from a low-temperature replica to a high temperature replica,
it was found to aggregate and disaggregate multiple times.
Fig. 5 shows the free energy changes of the peptide during
the aggregated-disaggregated state transformation. At low
temperatures, the peptide preferred to be in the aggregated
state, whereas at high temperatures the relative free energy
was found to favor a disaggregated state. Our results agree
with free energy calculations of Gsponer et al. (12) and
Vitigliano et al. (34), who used implicit-solvent simulations
to conclude that the aggregated state is stable. The actual
relative stability (free energy difference) of the aggregated
state and disaggregated state at 310 K was measured to be8.2 kJ/mol, and is slightly higher than that reported in the
literature. We believe that the difference in value is due
to the use of different force fields (CHARMM19 versus
GROMACS53a6) and different solvent conditions (explicit
versus implicit) in our studies.
Although REUS simulations are useful in understanding
the relative stability of the aggregated state and the disaggre-
gated state, they do not provide information on the aggrega-
tion pathway of the peptides. The complete characterization
of the aggregation pathway, i.e., the transition path sampling
simulations, was used to generate trajectories connecting our
two stable states as outlined above. These so-called reactive
trajectories between the stable states constitute the TPE. As
mentioned earlier, by focusing only on reactive trajectories,
TPS avoids the time spent in a stable free energy minimum
waiting for a transition (to another minimum) to occur. As
described in Methods, we generated a TPE consisting of
1000 reactive trajectories. Several representative reactive
paths from our simulations are shown in Fig. 6.
Analysis of the TPE indicates that the aggregation reaction
happens through the sequential formation of key contacts
between the two strands. More specifically, our results indi-
cate that dimerization begins at residues number 3 and 4, fol-
lowed by formation of the contacts at the other residues of
the molecule (see Fig. 7). The contacts between the terminal
residues occur last. The Asparagine-3 and Glutamine-4 resi-
dues, where the formation of contacts between the two
peptides begins, have large polar side chains and hence assist
in the formation and stabilization of these contacts. A TSE
was constructed by analyzing all reactive trajectories and
by isolating configurations that are as likely to lead to a dis-
aggregated state as they are to lead to the aggregated state
(see Methods). Fig. 8 shows a contact map of configurations
in the TSE. The contact map provides the probability density
that a contact between residues i and j belonging to the
two strands arises in the TSE. One can see in the figure
that the probability density map is completely dominated by
the formation of contacts at residues 3 and 4. This suggests
that much of the activation energy needed to undergoBiophysical Journal 98(6) 1038–1045
ab
FIGURE 6 Representative reactive trajectories connecting the aggregated
state and the disaggregated state. Blue box indicates the location of disaggre-
gated state, and the pink box indicates the aggregated state of the peptide.
FIGURE 8 Probability density of the various contacts in transition state
ensemble (a); representative snapshot of the transition state (b).
1042 Reddy et al.a transformation from the disaggregated state to the aggre-
gated state is employed to form these contacts. Once these
contacts are formed, it is relatively easy for the system to
form more contacts, and end up in an aggregated state.
It is of interest to note that the stacking of Asparagine resi-
dues identified in the TPE and TSE is a widely observedFIGURE 7 Interstrand distances between corresponding residues in the
two chains as a function of time. The time point at which the contacts are
formed is marked with an arrow.
Biophysical Journal 98(6) 1038–1045structural feature that arises in several proteins that exist in
a b-helix (35,36). For example, based on parallel tempering
molecular dynamics simulations of DFNKF, a different
amyloid-forming peptide, Tsai et al. (37) proposed that
Asparagine stacking is a bottleneck during the assembly of
individual peptide molecules. It should be noted that their
results were based on the free energy landscape calculated
from parallel tempering molecular dynamics simulations,
which does not necessarily correspond to the actual, dy-
namic, reaction coordinate. Our results, obtained from TPS
Monte Carlo, do identify the reactive pathways for dimeriza-
tion of GNNQQNY, and they also reveal this bottleneck.
For the particular case of GNNQQNY, our results indicate
that Glutamine-4 plays an equally important role in the TSE.
The stacking of Glutamine residues, though not as widely
discussed as that of Asparagine residues, has also been
observed in experiments on b-helical structures of Polyglut-
amine (38). Once the contacts at these two residues are
formed, they act as a distance constraint between the two
peptides, which reduces the dimensionality of the conforma-
tional search required for the formation of additional contacts.
A similar mechanism for aggregation (often referred to as
dock-and-lock) has been observed during the growth of
Dimerization of GNNQQNY Peptide 1043preformed amyloid fibrils of Amyloid b-peptide (39), and
more recently in simulations of the growth of GNNQQNY
(40). Although our results agree with the overall mechanism
proposed by these authors, there are also important differ-
ences. In the work of Reddy et al. (40), all the contacts are
formed during the locking stage. In our work, we find that a
proper docking event includes the formation of a contact at
the Asparagine-3 residue; without the formation of this
contact, docking attempts do not lead to aggregation. This
difference might be because in a study by Reddy et al. (40),
a preformed contact at the Glycine residue was used to reduce
computational time, and the presence of this contact could be
altering the aggregation pathway. Also note that the conclu-
sions in their work were based on a few molecular-dynamics
trajectories, whereas our findings are based on a statistically
relevant (large) number of reactive trajectories obtained
from TPS simulations performed without constraints.
It has been proposed in the experimental studies by
Tjernberg et al. (41) and Azriel and Gazit (42) that the
aromatic end residue Tyrosine provides directionality
(formation of a parallel versus an antiparallel b-sheet) during
self-assembly of the peptides. However, in our simulations,
we found that the formation of the contacts at the Tyrosine
residues occurs late in the pathway. The formation of the
contacts at the other residues was found to determine the
progression of aggregation toward the formation of a parallel
b-sheet.
The structural characteristics of the TSE were studied by
plotting the density of the dihedral angles in the f-j space
(Fig. 9). We find that conformations belonging to the TSE
are populated in the extended state conformation, whichresembles more closely the final aggregated state. The
extended state conformation is not favored entropically,
but in the resulting aggregate, it is stabilized by the main-
chain hydrogen bonds. In the transition state, where the
main-chain hydrogen bonds are not yet completely formed,
the extended state conformation is highly unfavorable and
contributes toward the activation energy involved during
the aggregation process.
Several computational studies of the GNNQQNY peptide
have also suggested that the aromatic Tyrosine residue
(Tyr-7)—the only hydrophobic residue in the sequence—is
important for aggregation of the peptide and its stability. It
has also been suggested that the p-p stacking of the aromatic
rings in Tyr is responsible for fibril formation (43,44). An
important question to consider is therefore whether Tyr-7
affects the aggregation pathway. We address this question
by analyzing the TSE. The structures from the TSE were
mutated to have Asparagine instead of Tyrosine as residue
number 7. The probability of reaching the disaggregated
state and the aggregated state starting from these structures
was obtained as explained in Methods. Interestingly, we
find that the probability of reaching the aggregated state is
in fact enhanced when Tyrosine is mutated into an Aspara-
gine residue (see Fig. 10). Although changing Tyr to Asn
makes the peptide more hydrophilic, the interstrand side-
chain-to-side-chain interactions promoted by Asparagine
residues are more favorable for the formation of a b-sheet.
This observation is consistent with remarks by Dobson (1),
who has suggested that the main-chain interactions are
primarily responsible for peptide aggregation, but the rate
of aggregation is known to vary with peptide sequence.FIGURE 9 Probability density of the f-j dihedral
angles in (a) disaggregated state, (b) transition state
ensemble, and (c) aggregated state. The location of the
red box corresponds to an extended state conformation
whereas the yellow box corresponds to a random coil state.
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FIGURE 10 Probability density of reaching a aggregated/disaggregated
state starting from a conformation in the transition state ensemble in
(a) wild-type, GNNQQNY, and (b) mutated peptide, GNNQQNN.
1044 Reddy et al.Our results indicate that the side-chain interactions are
important in the amyloid formation pathway and influence
the rate of aggregation of the peptides.CONCLUSIONS
We have studied the dimerization of GNNQQNY peptide
using atomistic simulations in explicit water. We used a
new variant of parallel tempering simulations to determine
the free energy for dimerization of the peptide. It was found
that the dimer is more stable, with a dimerization free energy
of ~3.3 kT. TPS simulations were used to gain insight
into the aggregation pathway of the GNNQQNY peptide.
Analysis of one-hundred uncorrelated reactive trajectories
revealed that the transition state along the transition path
involves the formation of key contacts at Asparagine-3 and
Glutamine-4. Once these contacts are formed, the binding of
other residues occurs in a sequential manner with a relatively
large probability. This indicates to us that the formation of
contacts at these residues represents the relevant bottleneck
during GNNQQNY aggregation. The biological relevance
of this finding could be significant. Indeed, a majority of the
proteins involved in protein aggregation diseases are rich in
Asparagine residues. Our results suggest that propensity
for aggregation might largely depend on how favorable
ASN-ASN interactions are in these proteins. Our reactive
trajectories also indicate that glutamine residues play an
important role in the aggregation pathway, consistent with
earlier experimental observations on polyglutamine peptides.Biophysical Journal 98(6) 1038–1045Our simulations show that, from a kinetic perspective,
Tyrosine may be less important than previously thought, at
least in the early stages (dimer formation) of aggregation.
An analysis of reactive trajectories sows that Tyrosine stack-
ing occurs much later in the pathway of GNNQQNY aggrega-
tion, when the peptide is already committed to form a dimer.
Thus, when aiming to improve stability of proteins, one
should consider designing molecules that disrupt interactions
at the Asparagine residue, and not only at the end Tyrosine.
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